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ABSTRACT

Intelligent agent technology offers good potential to integrate supply chain processes and other business-
to-business exchanges more closely than current Web technologies and without the rigid inflexibility
associated with EDI applications. Viewing respective procurement and order fulfillment processes of buyer
and seller as an integrated whole along the supply chain, we identify opportunities for virtual supply chain
re-intermediation through multi-agent systems. Using a proof-of-concept agent federation, called The
Intelligent Mall, we examine the feasibility and performance implications of this approach for a software
supply chain. A long-lived, autonomous agent federation is observed performing delegated supply chain
tasks as prescribed and in an intelligent, context-sensitive and policy-conforming manner. The kind of
agent-integrated supply chain investigated through this work appears to be inherently scalable yet
customizable to the level of a specific individual in the organization. This approach to supply chain re-
intermediation also appears to generalize well to a wide variety of corporations, universities and other
enterprise forms, and the intelligent mall examined in this report appears to offer good potential for
improved process performance. This report summarizes exploratory results from experience with The
Intelligent Mall and outlines a number of lessons learned and guidelines for implementing multi-agent
systems. The conclusions drawn from this investigation are important for executives and managers
considering leading adoption of agent technology, and the research agenda is intended to help guide and

stimulate continued work along these lines.
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SUPPLY CHAIN DISINTERMEDIATION
Supply chain management (Gebauer ef al 1998, Kambil 1997, Lee and Billington 1995, Mabert and

Venkataramanan 1998, Monczka et a/ 1998, Nissen 1997, Porter and Millar 1985, Swaminathan et a/
1998) represents a critical competency in today’s global business environment, and a number of effective
practices (e.g., just-in-time deliveries, electronic data interchange (EDI), supplier inventory management)
are employed to improve the competitiveness and efficiency of enterprises around the world. As a long-
practiced form of business-to-business (B2B) electronic commerce, for example, our two decades of
experience with EDI suggest commercial processes employed by buyers and sellers must be mutually-
compatible in order for business exchanges and transactions to occur effectively, and for rapid purchase
and responsive order fulfillment, buyer and seller processes must also be closely integrated (Sokol 1996).

However, not only can EDI be expensive, this technological approach requires a relatively stable
and predictable commercial environment to effect supply chain integration. Such conditions are
increasingly unlikely in the fast-paced, hypercompetitive business environment of today (see D’Aveni
1994), and modern enterprises now also require flexibility to quickly change vendors and adapt to dynamic
economic conditions and diverse commercial practices (see Ciborra 1996, Davidow and Malone 1992).
Indeed, the static notion of a fixed supply chain is rapidly giving way to more-dynamic concepts such as
supply webs and networks (see Laseter 1998, Porter 2000, Ross 2000), in which the topology of buyers and
sellers changes frequently. Commerce through EDI technology does not satisfy the flexibility requirement
well.

To address such limitations and shifts, many firms are replacing EDI with more flexible
technology. For instance, moving to Web-based support for commercial transactions (e.g., electronic
catalogs, virtual malls and storefronts, online industry exchanges) is now commonplace across numerous
industries. Indeed, the Internet offers good potential to "revolutionize procurement" and related
commercial activities (Gebauer et al. 1998). However, much of the capability for supply chain integration
is being lost during the transition from EDI to Web technology. Whereas EDI effectively compels buyers
and sellers to integrate their supply chain processes, Web-based supply chain technologies are noticeably

one-sided; that is, the latter sites and applications are predominately developed for either the buyer or



seller, but not both. Commerce though current Web technologies does not satisfy the integration
requirement well.

We also note many calls for disintermediation of the supply chain (e.g., Gellman 1996). The
idea—becoming particularly manifest during the first phase of reengineering (see Cypress 1994), with its
focus on process streamlining—is to remove the bureaucracy or "middle man" associated with procurement
in the enterprise. At present, procurement in most large corporations, universities, government agencies
and other major enterprises must pass through a separate, specialized organization devoted solely to the
functions of buying products and services and managing suppliers, which many view as "non value added."
Thus, disintermediation can be viewed in terms of process redesign focused on eliminating intermediaries
(e.g., procurement or procurement departments, market brokers, exchange agents) from the enterprise
supply chain.

Building upon work by Barbuceanu and Fox (1993) and others (e.g., Collins et al. 1998, Gini and
Boddy 1998, Mehra and Nissen 1998, Rodriguez-Aguilar et al. 1998, Walsh et al. 1998, Wurman et al.
1998), we argue intelligent agents offer excellent potential and capability to complement EDI and current
Web technologies and address their shortcomings. Further, through collaborative problem solving enabled
by multi-agent systems, we explain how this emerging technology offers potential to substitute federations
of intelligent agents for the bureaucratic and expensive intermediaries now employed along most major
enterprise supply chains. This is the concept of virtual supply chain re-intermediation. First, we
disintermediate the supply chain by removing the expensive and bureaucratic "middle man." Then, to
make-up for lost knowledge and expertise, we re-intermediate, virtually, with a federation of intelligent
agents (i.e., a multi-agent system).

In this report, we investigate opportunities for multi-agent system technology to re-intermediate
the enterprise supply chain. By building upon considerable research in this domain, we draw from
experience gained through implementation of a multi-agent system in a supply chain environment to
articulate how virtual supply chain re-intermediation is technically and operationally feasible in the context
of a major, modern enterprise. For additional insight, we describe the demonstrated, proof-of-concept agent

federation implemented to re-intermediate the supply chain. And we then generalize from this discussion to



develop insights, lessons and guidelines for both executives and researchers interested in agent technology.

We first provide a high-level overview of multi-agent applications.

MULTI-AGENT APPLICATIONS

In this section, we provide a high-level overview of extant agent applications, with particular emphasis on
a framework to relate them to other, more-conventional classes of information technology. Drawing from
Nissen (2001), it is informative to group extant agent applications into four classes: 1) information filtering
agents, 2) information retrieval agents, 3) advisory agents, and 4) performative agents. Briefly, most
information filtering agents are focused on tasks such as filtering user-input preferences for e-mail (e.g.,
Maes 1994, Malone et al. 1987), network news groups (Sycara and Zeng 1996), frequently asked questions
(Whitehead 1994) and arbitrary text (Verity 1997). Information retrieval agents address problems
associated with collecting information pertaining to commodities such as compact disks (Krulwich 1996)
and computer equipment (uVision 1997), in addition to services such as advertising (PriceWatch 1997) and
insurance (Insurance 1997). We also include the ubiquitous Web indexing robots in this class (see Etzioni
and Weld 1995, Hsinchun et al. 1998) along with Web-based agents for report writing (Amulet 1997),
publishing (InterAp 1995) and assisted browsing (Burke et al. 1997). Agents for technical information
delivery (Bradshaw et al. 1997) and information gathering (Knobloch and Ambite 1997) are not Web-
based per se, but they perform a similar function.

A third class of agents is oriented toward providing intelligent advice. Examples include
recommendations for CDs (Maes 1997), an electronic concierge (Etzioni and Weld 1995), an agent "host"
for college campus visits (Zeng and Sycara 1995) and planning support for manufacturing systems
(Maturana and Norrie 1997). Agents for strategic planning support (Pinson et al. 1997), software project
coordination (Johar 1997) and computer interface assistance (Ball et al. 1997) are also grouped in this
class, along with planned support for military reconnaissance (Bui et al. 1996) and financial portfolio
management (Sycara et al. 1996). Performative agents in the fourth class are generally oriented toward
functions such as business transactions and work performance. Examples include marketspaces (Rayport
and Sviokla 1994) for agent-to-agent transactions (e.g., Chavez and Maes 1996), agent auction

environments (e.g., Rodriguez-Aguilar et al. 1998) and agent system designs for negotiation (e.g., Bui



1996), in addition to performance of knowledge work such as automated scheduling (Sen 1997, Walsh et
al. 1997), cooperative learning (Boy 1997) and automated digital services (Mullen and Wellman 1996).

The intelligent supply chain agents developed through this present research are probably best
categorized in the fourth group above (i.e., performative agents). But they have been designed to build
upon agent work in other categories as well—for instance exhibiting behaviors such as information
filtering and retrieval—and their use can be accomplished through simulation (i.e., in an advisory role) as
well as enactment (i.e., the performative role). Thus, intelligent supply chain agents extend and have
similarities with examples from each of the four classes above.

To further describe and differentiate intelligent supply chain agents, we again draw from Nissen
(2001) and integrate the agent-taxonomy work of Franklin and Graesser (1996) with a three-dimensional,
agent-capability structure from Gilbert et al. (1995) to develop the analytical framework presented in
Figure 1. In this framework, we use the same intelligence and mobility dimensions developed by Gilbert
but substitute the new dimension collaboration in lieu of autonomy/agency. This follows the presumption
of agent autonomy stressed by Franklin and Graesser. For purpose of discussion, we have annotated this
three-dimensional space with one, relatively "pure" exemplar from each agent-capability dimension. For
example, many expert system applications are quite extensive in terms of formalized, expert-level
intelligence, but they are not traditionally designed to operate on foreign hosts, nor do they generally
collaborate with other expert systems to jointly solve problems. Similarly, remote programming of the sort
enabled by Java, Telescript and Odyssey equip programs to execute on foreign machines, but these
procedural applications are not generally endowed with the capability for intelligent inference, nor are they
usually thought of in terms of collaborative processing. Likewise, parallel processing has an explicit focus
on collaborative problem solving between multiple, parallel processors, but this problem solving is usually
focused more on procedural processing than intelligent reasoning, and execution on foreign hosts is rarely
envisioned. Clearly exceptions exist for each class (e.g., distributed Al (see Bond and Gasser 1988),
intelligent Java agents (see Neuenhofen and Thompson 1998), others), but these three exemplars should

convey the basic concepts associated with each dimension.
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Parallel processing
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Intelligence

Remote programming
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Figure 1 Agent Framework

(Adapted from Nissen 2001)

Notice the annotation for intelligent supply chain agents (labeled "ISCA" in the figure). It
occupies a position notionally in the middle of this three-dimensional agent-capability space. Although the
capabilities of intelligent supply chain agents are not as extensive as any of the three exemplars from above
along any particular dimension, none of the exemplars from above combine even two of these three
capability dimensions associated with intelligent agents. This adds to the challenge of agent development
work—particularly where intelligent problem solving must be coordinated among a federation of
autonomous agents—but it serves to enable a new set of powerful capabilities (esp. collaborative problem
solving) that prove to be quite effective and useful for providing both inter-organizational integration and

flexibility to complex processes such as supply chain management.

AGENT-BASED SUPPLY CHAIN RE-INTERMEDIATION

In this section, we discuss agent-based supply chain re-intermediation. This present work builds upon and
extends research by Mehra and Nissen (1998) to implement and demonstrate an agent development
environment and by Nissen and Mehra (1998) that explores process redesign enabled by intelligent-agent
technology. We first discuss the supply chain as a unifying process that combines the procurement
activities of a major buyer with the order fulfillment activities of a commercial vendor. We then examine

agent-based supply chain re-intermediation for a specific, operational supply chain process.



The Supply Chain Process

Two primary processes are involved with the supply chain: 1) customer purchasing and 2) vendor order
fulfillment. Other processes such as customer financing, vendor project management and logistics can also
be viewed as supply chain activities, but these are subsumed by our collective use of the terms
procurement and order fulfillment. Customer procurement and vendor order fulfillment are traditionally
viewed as separate, intra-organizational process activities. But a strong case can be made for viewing such
activities together, as an integrated, inter-organizational supply chain process. This reflects the integrated
focus of emerging procurement models, such as the one used by Gebauer et al. (1998) to discuss the

revolutionary potential of Internet- and Web-based procurement.

User Procurement Contractor
ID rqppts

Marl@t survey
PR form——————2" verify form

Research sources
Issue RFQ_> Prep quotes

Source selection <#&===Analyze quotes

N

Issue order——==3_ Fulfill order
/

Use go0(ds s Receive goods Send invoice

7~

Vs
Make payment=—=3 Deposit funds

Figure 2 Integrated Supply Chain Process

We examine and discuss one specific supply chain instance and use it for context to implement
and investigate an agent federation in the section that follows. On the buyer side, the purchasing process
pertains to work done by the procurement department at a university on the West Coast. As a large
institution, this enterprise is subject to the full complement of purchasing policies and rules that govern the
procurement activities of most major enterprises (e.g., corporations, government agencies, universities). On
the seller side, the order fulfillment process pertains to work done by the product and licensing department
of a leading software development company on the East Coast. This company is a leader in software for its

product market and maintains an active research and development activity that drives frequent software



introductions, updates and releases. Therefore, it maintains the kind of rapid product evolution that has
been problematic for procurement in large enterprises such as the university. The high-level process
delineated in Figure 2 depicts the integration of the user, university procurement department and
commercial software contractor. This process is described in greater detail by Nissen and Mehra (1998)
with respect to agent-enabled redesign opportunities.

The process begins with a user in the organization identifying a need and determining his or her
preliminary software requirements. A market survey follows with the market information (e.g., products,
capabilities, companies, prices) used to complete a (paper-based) procurement request (PR) form. This
form is submitted to the procurement department for processing, in which a buyer verifies the form (e.g., in
terms of completeness, required documentation such as sole-source justification, adequate budget) and then
researches some potential sources for procurement (e.g., existing contracts, approved-vendor lists,
small/disadvantaged-business lists) in addition to the sources identified through the market survey.
Requests for quotation (RFQs) are generally issued next, and vendor-prepared quotations are analyzed by
the buyer, whom then summarizes the information for review and source selection by the user. A purchase
order is subsequently issued, and the transaction is complete when software is delivered to the user and
payment is made to, and deposited by, the vendor.

Not apparent from the figure is the underlying knowledge, expertise and information required for
people to perform the purchasing and order fulfillment processes depicted. For example, the user must
know how to conduct a market survey and have access to information listing alternative sources of supply,
as well as an understanding of the basic procedures for university procurement and information pertaining
to the specific PR form used. We note most major corporations, universities and other large enterprises
have no shortage of like procurement procedures and forms. Similarly, the buyer must possess thorough
knowledge of the applicable procurement policies and rules, know how to review the purchase request
(e.g., what constitutes completeness, when to request additional information) and have current information
pertaining to alternative sources of supply—sources which often appear, combine, shift direction and
disappear frequently in software markets. This, too, reflects much corporate and university procurement, as
laws and regulations for inter-state and international commerce can be equally complex, and product

markets may be even more dynamic and unpredictable. The buyer must also have access to one or more



suppliers’ systems to be able to post the RFQ (e.g., by telephone, fax, e-mail, EDI, electronic bulletin
board) and requires knowledge of the procedures required for quotation analysis and source selection.
Access to and understanding of the receiving and payment systems and procedures is also necessary to
complete the transaction. And of course, vendor personnel must understand the policies, procedures and
systems associated with software quotation, order fulfillment and billing activities. These kinds of
knowledge, expertise and information can be used to specify and enable autonomous and flexible
behaviors of an intelligent agent federation, but we find some process activities lend themselves to agent
performance more than others.

As guidelines for process analysis and design, two classes of supply chain activities appear to
offer good potential for agent performance: 1) commercial exchange activities and 2) procedural
knowledge activities (see Hudson 1998). Commercial exchange activities necessarily cross organizational
boundaries and are enabled by network technologies (e.g., local area networks, wide area networks,
standard network protocols). Provided the element of exchange (e.g., information, influence, payment) can
be delivered via network media (i.e., electronically), agents—as well as EDI and Web technologies—can
be employed to perform most exchange activities. Unlike other electronic approaches, however, agent
autonomy enables greater process flexibility and faster adaptation to change than EDI, and agents
performing activities of both buyer and seller processes enable closer supply chain integration than made
possible through most extant Web technologies.

Procedural knowledge is also important for agent-based process integration, for such knowledge
is often readily accessible and sufficiently formalized in the organization to be used directly for
specification of agent behaviors. Just like a competent person (say in the context of a new employee
trainee, or an experienced knowledge worker performing occasional or unusual duties) will review
procedures to guide work performance and decision making, agents can similarly draw from procedural
knowledge to determine appropriate behaviors and guide decisions. In contrast, other processes (e.g., not
involving commercial exchange or procedural knowledge) that require common sense, tacit knowledge and
human social skills are best performed by people as opposed to machines at present. With this, we focus
attention on supply chain activities associated with commercial exchanges and involving procedural

knowledge application as candidates for possible performance through an intelligent agent federation.



INTELLIGENT AGENT FEDERATION

In this section, we describe an agent-based supply chain implementation. Drawing in part from Nissen
(2001), we briefly describe the process design and then outline the feasibility and performance implications

of this agent-based process design.

Process Design
Design begins with the process itself, reflecting our emphasis on the organization as well as agent

technology. Recall the integrated software supply chain process from above. Of the sixteen activities
delineated in Figure 2, we employ the guidelines from above to designate eight of them (highlighted in
bold in the figure) for performance by intelligent agents. For reference, these include completing the PR
form, procurement department verification, researching alternative supply sources, issuing RFQs, quotation
preparation by vendors, quotation analysis by the customer, and both issuing and filling the ensuing order
by the respective supply and vendor organizations. Although some commercial exchange activities such as
invoicing, payment and funds deposit also clearly lend themselves to electronic intermediation, our greater
interest lies in the activities not currently performed through such traditional technologies as EDI. Indeed,
EDI support of such activities is now so routine and well understood, we no longer even consider it to
represent "research."

Alternatively, many of the other activities in the figure not selected for agent performance are
currently too difficult for agent-based performance, given the current state of agent-design knowledge and
-development technology. Hence these are retained as human process tasks. For example, developing an
agent to reliably anticipate and identify a user's software needs would be very difficult to accomplish today.
Notice this activity involves neither commercial exchange nor procedural knowledge (i.e., as outlined in
our guidelines above). Indeed, it is likely only the user herself could specify the knowledge and behaviors
required for such an agent, and only if the knowledge used to identify such software needs could be made
explicit. Thus, we see this process design calls for human knowledge workers and machine agents to share
responsibilities for process performance. Rationale for assignment of the other supply chain process

activities (i.e., delegated to agents or retained by people) follows similar reasoning.



The Intelligent Mall Application
As the name implies, The Intelligent Mall employs a shopping mall metaphor for supply chain re-

intermediation. Notice we change the supply chain metaphor—with its connotation of knowing all trading
partners ex-ante—and introduce the mall concept instead. In the mall, shoppers are not expected to know
in advance which shops exist or what products they offer for sale. Neither are the shops expected to know
which other shops are selling like products or with which shoppers they will interact. In other words, the
supply chain represents a special case of the mall in which trading partners are established before initiating
procurements.

The mall metaphor makes for a more robust commercial environment than the supply chain model
and requires more intelligent agent behaviors. The mall representation presented in Figure 3 shows three
(virtual) shops in the upper-left window. This mall is truly virtual, in that the "shops" do not reside in any
single physical location. Indeed, the shops do not necessarily exist physically at all. What does exist is a
shop agent created to represent some vendor interested in commercial participation through this medium.
We refer to this application as an "intelligent mall"—as opposed to the more common "virtual mall"
name—because it offers more than just virtual shopping; that is, every entity in this environment possesses
(artificial) intelligence, and the agent federation is performative, offering the capability of autonomously
shopping on behalf of customers as well as selling on behalf of vendors.

To "open" a shop, a vendor needs network access to the agent server (we provide a Web interface
for this) and a Web browser or a Java virtual machine. Any practical number of shops can co-exist in this
mall. Thus, the application offers good potential to scale well to large enterprise supply chains. Not
apparent in the figure is a special agent called "Host." Shop agents register their products and services
(e.g., catalog items, prices, availability, terms and conditions), and the Host maintains both a "White

Pages" and a "Yellow Pages" directory for the mall.
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Figure 3 Intelligent Mall User Interface

Requirements for creating a shopper agent are similar to those pertaining to the shops above. Like
their shop counterparts, shopper agents represent individuals wishing to participate in the mall and register
with the Host. A shopper agent can be specialized to reflect the preferences and priorities of its principal.
For example, one shopper agent can be specialized to shop based on my preferences for juice over coffee
and bagels over doughnuts, whereas another instance (i.e., identical clone) can be specialized to reflect
someone else's preferences. And, clearly, each shopping agent can be instantiated with a unique shopping
list of items to buy. Other knowledge and information—such as user preferences and budget restrictions,
product requirements and need dates, and consumer heuristics like price comparison—are formalized
through rules for the agents.

Figure 3 also depicts input screens for one shop agent and a shopper. The keeper of Shop-2 uses
the form on the upper-right to update items, prices and other information normally expected in a product
catalog. Here juice is added to the catalog of items listed for sale in this particular shop. The shopper
principal similarly specifies items to be purchased using the form on the bottom-right. This user can either

type-in items or select from a list of products registered with the Host (see form on bottom-left). Again,
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any practical number of different shopper agents can be created to shop for any practical number and

quantity of various items in The Intelligent Mall.
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Figure 4 Intelligent Mall Animation

Figure 4 presents a still-shot of some animated shopping activities along with a Java interface for
Shop-3. When a user has specified the items to be purchased as above, each shopper agent sends messages
to all shops carrying each item in The Intelligent Mall to see which vendors wish to sell the items on its
shopping list. This message action is equivalent to advertising the intent to procure items and posting
RFQs. Shop agents wishing to sell the posted items will reply directly to the requesting agents and respond
to the corresponding "RFQ" messages separately. Each shopper agent analyzes the quotes and determines a
preferred source for every item on the shopping list, based on user preferences and vendor information
received.

Each shopper agent then performs some planning to determine which shops to visit, establish the
order in which to visit them, and consolidate multiple items purchased from each shop into a single trip.

Notice the shopper agent in Shop-2 is inverted. Such behavior is explicitly required by "regulation” in this
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mall environment when juice is purchased, for instance. Although humorous, perhaps, this behavior serves
to visibly demonstrate the intelligent agents can be specified to conform to various procurement regulations
(e.g., governing pharmaceutical imports, military exports, interstate intellectual property rights). Although
difficult to see without animation, the other shopper agent is currently “jumping” up and down, which
represents the local custom when conducting business in Shop-1. Similar to the regulation-conforming
behavior from above, this context-specific behavior serves to demonstrate the intelligent agents can also be
made sensitive to local customs and variations (e.g., contracting for software programming service in India
as opposed to Taiwan). The number and kinds of such behaviors that can be specified through intelligent
agents are practically unlimited.

When all items have been purchased from a given shop, the shopper agent proceeds to the "exit,"
where messages are exchanged with the "cashier" to make payment and issue a receipt. Each shopper then
moves to the next shop on its route, purchases the corresponding items, and continues in this fashion until
all items have been purchased or no vendors are available to sell items still on the list. This latter condition
may often obtain in The Intelligent Mall. Although an item may be available when the agent plans its
shopping route, there is no guarantee the item will not subsequently be purchased by another shopping
agent, or even that a shop agent somewhere in the world will not "close" before the shopper reaches its
network destination. Moreover, we can instruct an agent to be persistent and not return until all items on
the shopping list have been purchased. The dynamic and emergent behaviors associated with this
distributed application—particularly where intelligent, autonomous, persistent agents are free to roam the

network and conduct their business as they see fit—are very rich and can be made quite realistic.

RESULTS, LESSONS AND GUIDELINES FROM THE
INTELLIGENT MALL EXPERIENCE

In this section, we summarize and generalize from experience with The Intelligent Mall. We outline key
results and lessons learned from the study and then develop high-level guidelines for the manager

interested in pursuing virtual supply chain re-intermediation through multi-agent systems.
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Results of The Intelligent Mall Experience

Results thus far from our experience with The Intelligent Mall focus principally on feasibility. Having
constructed The Intelligent Mall and observed its operation over a period of several months, one can see
the multi-agent system approach to virtual supply chain re-intermediation is technically feasible. Indeed,
the mall application has been allowed to run continuously for several days without problems of system
instability, agent indecisiveness or other maladies that can affect such distributed, intelligent computing
applications (see Wooldridge 1998). Although our mall agents remain relatively simple (individually) at
this early research stage, they serve to demonstrate agents can represent diverse users, autonomously find
and collaborate with other agents to purchase goods, and effectively conform to regulations and customs
imposed by various supply chain contexts and trading situations. Technically, we anticipate straightforward
extension to incorporate more complex agent behaviors.

Operationally, The Intelligent Mall also shows how an agent federation can be specified and
implemented to conform to complex procurement policies and regulations. Although we implement and
study only a small subset of knowledge and behaviors required for authorized university procurement, the
agents demonstrate they can follow rules specific to enterprise software purchases, broadly advertise
procurement intentions, competitively solicit multiple quotations without bias, perform product/price
evaluations and like requirements for B2B exchange. And recall the animated agents inverting themselves
and jumping up and down. At the level of agent objects and methods, nearly any specific, definable
behavior can be implemented for conformance to idiosyncratic enterprise policies, procedures and

practices.

Lessons Learned from The Intelligent Mall Experience

Although still at an early stage of investigation, we have already learned a number of lessons from the
intelligent mall experience. These lessons become particularly apparent as we implement more
sophisticated agent behaviors and complex decision processes and as we continue moving out from the

laboratory.

Lesson 1 — agents still require programming
Despite the very high level of abstraction associated with intelligent agents, ultimately every software

agent requires executable computer code to function. And notwithstanding the facility of agent
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specification made possible through graphical development environments, online debugging facilities and
other productivity enhancers, agent decisions and behaviors are implemented through objects, rules,
methods and messages. Many managers appear to naively think agent development somehow obviates

them from the details and complexities of object-oriented programming.

Lesson 2 — knowledge workers know a lot
The power and potential of intelligent agents become manifest as they are employed to perform and assist

with knowledge-work activities in the enterprise. But even relatively low-level and straightforward
activities performed by workers in the organization can require considerable skill and effort to capture and
formalize the corresponding knowledge required for effective performance by autonomous agents. As we
learned through our past three decades of experience with expert systems, not every knowledge task is
equally suited to automation, and practical results require focus on a relatively narrow task domain. At this
stage of agent technological maturity, designers need to be satisfied with relatively simple behaviors (i.e.,
low levels of knowledge) for any particular agents and let people address the hard enterprise supply chain

problems.

Lesson 3 — even simple agents can be effective
No single agent needs to be an "Einstein" in order to be effective, and intelligent, complex agents are

difficult to understand, predict and control (just like most people). The problem-solving power and
enterprise potential of intelligent agents derive from the ability of agent federations—even comprised of
relatively simple agents—to collaboratively address knowledge work. We learned to limit each agent in
size and scope to no more than required to solve specific problems, yet to equip agents with a robust
architecture and capability for finding and communicating with one another. This lesson may also have
knowledge-management implications outside the artificial environment of intelligent agents (e.g., in

organizations of people; see Davenport and Prusak 1998).

Lesson 4 — complexity compounds
When compared with other software applications of similar size, even a relatively simple intelligent agent

will appear more complex by the very nature of its mobility, communication patterns and attempts to

emulate human expertise. Multiple, intelligent agents working collaboratively to solve problems are an
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order of magnitude more complex than a single agent, and anticipating their collective and emergent
behaviors becomes much more difficult. When multiple instances of multiple intelligent agents interact in
the same environment—some collaborating, others specialized to compete—the complexity compounds
again. This compounding continues as we then distribute multiple agents on different processors across the
network, have them react to dynamic changes in the environment (e.g., new shops entering the mall) and

expect the machine agents to share process activities with human knowledge workers.

Guidelines for Implementing Multi-Agent Enterprise Systems
Based in part on the results to date and lessons above, we offer the following five guidelines for developing

multi-agent systems in the enterprise.

Guideline 1 — beware of fad-branding
Any current discussion of intelligent agents runs the risk of misperception. This risk is particularly high

nn

when one mixes-in characterizations such as "radical process redesign," "artificial intelligence," “B2B” and
"the Web." Hearing such "buzzwords," many enterprise executives will brand the agent advocate as simply
following the latest fad and quickly dismiss his or her concepts and ideas as speculative or vacuous. Recall
the hyperbole and false expectations surrounding Al and expert systems in the early Eighties and the
reengineering phenomenon of the early Nineties, not to mention current attention now paid to knowledge
management and the fact that agents employ object-oriented techniques and operate via Web in a
client/server environment. Executives and others have substantial reason to be skeptical. The first guideline

is to be prepared for such skepticism and have an animated agent demonstration ready to show people

you're serious.

Guideline 2 — start with the process
The multi-agent systems technology used to enable The Intelligent Mall application is just that: technology.

If we learned anything from our reengineering experience last decade, it is that process innovation requires
more than just technology (Hammer 1990). Rather, effective redesign requires integration of process
analysis, organizational design and human resource enablers of change (Davenport 1993), preferably
employed in combination (Stoddard and Jarvenpaa 1995), in addition to technology. We find the same

holds true with intelligent agents. Analysis and design should begin with the process to be re-
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intermediated, integrated or otherwise redesigned through agent technology. Whatever the focus of agent
technology, managers should first identify the associated process and make a business case (e.g., return on
investment, faster time to market) for use of the technology. In this respect, Guideline 2 reflects the kind of
standard recommendations found in introductory information systems (IS) textbooks that address

implementation of any new technology. Again, intelligent agents are just that: new technology.

Guideline 3 — differentiate and integrate people and machines
We employ guidelines gleaned from current agent research to help identify supply chain activities that

would lend themselves to performance by intelligent agents over people, and vice versa. Because the
emerging technology associated with multi-agent systems remains relatively primitive at this stage, it is
probably unrealistic to expect an agent federation to perform all activities associated with an enterprise
process of any size or significance. Recall we delegate only eight of sixteen software supply chain
activities to agents in the intelligent mall application, retaining the balance for people to perform. Thus,
people and machine agents will necessarily have to work together and share process responsibilities. It is

important not to delegate to machines process activities better performed by people.

Guideline 4 — don’t expect too much from tools
The current state of the art in agent development tools and technology to support multi-agent systems is no

where near that available to support other areas of information systems (e.g., object-oriented analysis and
design, decision support systems, enterprise resource planning, computer-supported cooperative work).
Although a limited number of agent-development tools (e.g., Agent Builder (1998), Agent Development
Environment (1998), Via (1998) and others) are beginning to emerge from beta testing, their functionalities
remain quite limited. And many research tools such as JAFMAS (Chauhan and Baker 1998) and RETSINA
(Sycara and Pannu 1998) are probably only usable by computer science Ph.D.s. Notwithstanding the
considerable benefits of using such "shell like" tools in terms of abstraction, architecture, prototyping and
debugging—certainly with respect to starting with a blank Java or C++ edit screen—implementation of a
multi-agent system like The Intelligent Mall may require considerable effort, over many months or even

years, from a doctoral-level researcher or experienced agent-tools consultant.
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Guideline 5 — start simple and experiment incrementally
Intelligent agents represent a relatively unfamiliar abstraction in IS design, and the emergent behaviors of

cooperating agents in a federation are difficult to anticipate, and even interpret, in many cases. One
approach to managing this situation is to begin with a small application and experiment with it until the
corresponding behaviors are understood. Then add onto this simple application incrementally, continuing
to experiment along the way. This approach may be at odds with first-mover advantages and executive
pressure to "get the agents online quickly," but when you think about the implications of having
autonomous, intelligent, persistent software entities roaming the marketspace and transacting business on

behalf of the enterprise, this call for caution may warrant attention.

CONCLUSIONS

Intelligent agent technology offers good potential to integrate supply chain processes more closely than
current Web technologies and without the rigid inflexibility associated with EDI applications. Viewing the
respective procurement and order fulfillment processes of buyer and seller as an integrated whole along the
supply chain, we identify opportunities for virtual supply chain re-intermediation through multi-agent
systems and develop a proof-of-concept agent federation to examine the feasibility and performance
implications of this approach. Launching and operating long-lived, autonomous, intelligent agents at
several locations across both local and wide area networks, and observing the agents performing their
delegated supply chain tasks as prescribed and in an intelligent, context-sensitive and policy-conforming
manner, one can see how agent-based supply chain integration is technically and operationally feasible.

As agent-development tools and technologies continue to emerge and take form, the kind of
agent-integrated supply chain investigated through this research appears to be inherently scalable yet
customizable to the level of a specific individual in the organization. An intelligent agent approach to
supply chain re-intermediation also appears to generalize well beyond the specific university procurement
process studied here, across to a wide variety of corporations, government agencies, universities and other
enterprise forms. Further, the positive results of this investigation should provide considerable first-mover
advantages to the enterprises able to harness this new, powerful technology. Through the new knowledge

and developmental guidelines uncovered through implementation and examination of the Intelligent Mall,
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executives interested in attaining such advantages are now a big step closer to having these interests

become manifest.
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